Upon interaction with resting B lymphocytes, IL-2-propagated NK cells can initiate the process of Ig constant region switch recombination (CSR) by inducing germ line transcripts for g2a (Ig2a) as well as increased levels of mRNA for activation-induced cytidine deaminase enzyme. Whereas both these processes are necessary for CSR, they are not sufficient because the cells do not proceed to the expression of mature mRNA for g2a (VDJCg2a). In addition, NK cells can also upregulate mRNA for the T-box transcription factor (T-bet) in B cells without being able to induce further differentiation. Using transgenic B cells with B cell receptor specificity for nitrophenol (NP), we have now shown that NPFicoll-stimulated B cells can be induced by NK cells to express IgG2a as well as IgG1 presumably due to the completion of the process of switch recombination. The inductive ability of NK cells does not require IFN-g but does require signals transmitted via CD48 by direct cell contact. In addition, NP-Ficoll on its own can induce proliferation of antigen-specific B cells as well as germ line transcripts of g1; however, expression of VDJCg1 mRNA also requires NK cell interaction with B lymphocytes. Therefore, in the presence of antigen, NK cells can provide a necessary signal that substitutes for cytokines in the induction of IgG2a as well as IgG1 expression. This in vitro analysis provides a mechanistic basis for understanding the documented NK cell effects on T-independent B cell responses in vivo.
Introduction
T-independent (TI) antigens are capable of inducing antibody responses independent of MHC-dependent T cell help. These antigens can be further divided into TI-1 and TI-II classes which require different second signals in addition to ligation of the B cell receptor (BCR). Whereas activation via Toll-like receptors (TLRs) can provide the second signal for TI-1 antigens, help from cytokines, usually associated with T cells, is required for response to TI-2 antigens (1). The relative expression of different cytokines also influences the downstream isotype distribution of Ig produced. IFN-c has been shown to induce constant region switch recombination (CSR) to IgG2a when B cells are stimulated with LPS (2) and for most T-dependent (TD) responses. NK cells also provide a source of IFN-c in vivo which is independent of MHC-linked help; therefore, activation of these cells have been shown to upregulate IgG2a secretion in response to both TI-1 and TI-II antigens (3, 4) . In addition, IFN-c upregulates the T-box transcription factor, T-bet, and animals with a genetic deficiency in T-bet are compromised in their ability to switch to IgG2a in response to TNP-LPS as well as the TI-II antigen, TNP-Ficoll (5). It is not clear, however, whether upregulation of T-bet is sufficient for antigen-specific induction of IgG2a. IFN-c may also not be the sole factor important for induction of IgG2a. Appropriate agonistic ligation of CD40 on B cells (6) as well as ligands for TLR9 have also been shown to induce IgG2a in an IFN-c-independent manner (7, 8) . Our previous studies indicated that NK cells from IFN-c KO mice can induce germ line transcription of the c2a gene (9) . Predictably, this interaction, alone, does not lead to productive switch recombination. In order to assess the possible role of BCR ligation in addition to the NK-inductive effect, we have utilized B cells from the QM mouse (10) which expresses high levels of BCR with specificity to the hapten, nitrophenol (NP). We found that upon in vitro stimulation by the TI-II antigen, NP-Ficoll, only IgM secretion, but not other downstream isotypes, can be induced. In the presence of NK cells, however, expression of both IgG2a as well as IgG1, likely to be due to the induction of switch recombination, can occur. The induction of both isotypes requires direct cell-cell interaction between NK and B cells. This study, analyzing antigen-specific switch recombination in vitro, which restricts the number of interacting cells types, provides a mechanistic basis for understanding the in vivo role of NK cells in TI-II responses.
Methods

Animals
C57BL/6, BALB/c and BALB/c-Ifg<tm1 [IFN-c KO ; (11) ] mice were obtained from Jackson Labs. Quasi-monoclonal (QM) mice originally generated by Cascalho et al. (10) were bred to a kappa -/-mouse, kindly provided by Randolph Noelle (Dartmouth Medical Center). Mixed bone marrow chimeras made from a mixture of QMk and C57BL/6 bone marrow cells were prepared as previously described (12) . A breeding pair of BALB/c IL-13-deficient mice was kindly provided by Julie Wilder (Lovelace Respiratory Research Institute, Albuquerque, NM, USA).
Cell preparations and culture
For B cell preparations, T lymphocytes were depleted from splenocytes and fractionated by Percoll gradient centrifugation as previously described (13) . The high density fraction (14) was further purified by binding to anti-CD43 MicroBeads (Miltenyi Biotec) and F(ab#)2 fragments of fluorescein-conjugated goat anti-mouse IgG (Southern Biotechnology Associates) before incubation with anti-fluorescein-conjugated magnetic beads (Miltenyi Biotec), for depletion of remaining non-B cells and IgG + cells, respectively. Only B cell preparations containing >95% positive for the CD19 marker were used. NK cells were purified from BALB/c IFN-c KO or from IL-13 KO mice and propagated as previously described (9) . Each cell type was either cultured alone or together (1 3 10 6 per ml total cell concentration) in the presence of 100 U ml À1 IL-2 with or without other additives in 24-or 48-well Falcon tissue culture plates (BD Biosciences) or in tissue culture plates containing transwell inserts. When used, antibodies were immobilized on tissue culture plates by incubating at 20 lg ml À1 for 4 h prior to use.
Antibodies and reagents
Hamster anti-CD40L [CD154 (15) ] antibodies were provided by Randolph Noelle (Dartmouth Medical School). Goat antiIgD (16) was obtained from E.S. Vitetta (UT Southwestern Medical School). Rat anti-CD28 (17), rat anti-FccR [2.4G2 (18)], rat anti-IgM [b7. 6 (19) ] and hamster anti-TCRa/b (20) were purified from hybridoma culture supernatants using Gamma Bind (Pharmacia, Fine Chemicals, Piscataway, NJ, USA). Hamster anti-CD48 (HM48-1), mouse anti-DX5, rat anti-CD3e, allotype-specific mouse anti-l and rat anti-CD19 were purchased from BD Biosciences. Recombinant IFN-c was purchased from Biosource International. NP-Ficoll, NP-BSA and FL-Ficoll were obtained from Solid Phase Sciences. Anti-CD43 antibodies and NP-ovalbumin (OVA) protein were conjugated to biotin as described in Hardy (21) . Carboxyfluorescein diacetate-succinimyl ester (CFDA) was obtained from Molecular Probes.
Semi-quantitative reverse transcription-PCR analysis
RNA was prepared using the TRIzol reagent (Invitrogen), and semi-quantitative reverse transcription (RT)-PCR under non-saturating conditions was performed as previously described (22) . Primers for assessment of lM, activation-induced cytidine deaminase (AID) and Ly49 mRNA and Ic2a transcripts have been described (9) . The forward primer for VDJCc2a (5#-GCTAGATACTATAGGTACC) covers the V-D junction of the 17.2.25 gene (10) . The reverse primer is the same used for assessment of Ic2a transcripts. Under our PCR conditions, no amplification product was detected with these primers from non-transgenic mice. The sequences for the Ic1 primer were forward: 5#-CAGCCTGGTGTCAACTAG and reverse: 5#-CTGTACATATGCAAGGCT. For priming VDJCc1 mRNA, the same forward primer for Sc2a together with the same reverse primer for Ic1 were used. Amplified products for each set of primers were authenticated by sequencing. The sequences for the T-bet primers were forward: 5#-TGCCTGCAGTGCTTCTAACAC and reverse: 5#-AGTGTGGGCTTCATGCTCACAG. Primers for hypoxanthineguanine phosphoribosyltransferase were forward: 5#-GCTGGTGAAAAGGACCTCT and reverse: 5#-CACAGGACTA-GAACACCTGC. All primers were ascertained to amply products that span intronic sequences so that mRNA can be distinguished from genomic sequences. To quantify RT-PCR products, at least one of each primer pair was end labeled with [c- 32 P] ATP with T-4 polynucleotide kinase (23) and used to spike reaction mixtures. Amplified products were quantified using the ImageQuant software package (Molecular Dynamics, Sunnyvale, CA, USA). For all primer pairs, titration curves were performed as described in Gao et al. (9) to ascertain that the cycle number used fell within the linear range as cDNA concentrations were increased.
For determination of transcripts directed by looped-out circular DNAs, circular transcripts (CT) indicative of active switch recombination, the Ic1F primer (5#-GGCCCTTCCA-GATCTTTGAG) or the Ic2aF primer (5#-GGCTGTTAGAAG-CACAGTGACAAAG) was used together with the ClR primer (5#-AATGGTGCTGGGCAGGAAGT) described by Kinoshita et al. (24) under similar conditions.
ELISA analysis
ELISA analyses of culture supernatants were performed as previously described (3) .
FACS analysis and cell sorting
Cells were labeled with the indicated reagents as previously described. CFDA labeling of purified B cells were performed at 1 3 10 7 cells per ml at 3 lM in PBS. After incubation for 48 h, the cells were collected using the FACScan flow cytometer and analyzed with the Cell Quest program (BD Biosciences). For isolation of pure B cells, resting B cells were labeled with FL-anti-CD19 and sorted on a FACS DIVA (BD Biosciences). Similarly, IL-2-propagated NK cells were further purified by FACS sorting based on DX5 staining. Calculation of percent proliferation as well as evaluation of the percent of original labeled cells present in each gate (M1 through M4) took into consideration the extent of fluorescence dilution and was calculated as described (25) .
Statistical analysis
In order to compare the reproducibility of the experiments, for each experiment the relative level of the transcript obtained from each culture condition was normalized to the level of the same transcript in cultures containing both NK cells and antigen. P values were obtained from one-tailed Student's t-test for the probability that the two samples were identical.
Results
Induction of IgG2a by activated NK cells
We have previously shown that IFN-c KO NK cells can initiate germ line transcription of c2a (Ic2a) in resting B cells in vitro (9) . However, the interaction does not lead to switch recombination which results in the expression of productively post-switched transcripts (VDJCc2a). The absence of postswitched transcripts in the co-cultures indicates that the induction of Ic2a is not due to NK cell enhancement of B cell survival that would have resulted in the enrichment and hence detection of cells that already express Ic2a or VDJCc2a. Moreover, one would not expect a non-antigenspecific encounter of NK cells with B cells to induce indiscriminate secretion of Ig. Additional signals, such as activation via TLRs or cross-linking of the BCR, may be needed. However, we had previously shown that even when anti-IgM or anti-IgD was included in the co-cultures of B cells with NK cells, post-switched VDJCc2a transcripts were still not induced (our unpublished observations). It is possible that binding of the BCR by surrogate agonists does not crosslink the BCR in the same manner as cognate antigens. Therefore, we utilized B cells enriched for cells bearing a restricted BCR specificity so they can be stimulated in vitro with a canonical TI-II antigen, NP-Ficoll. The QM mouse was generated by the site-directed insertion of a rearranged VDJ into the heavy chain locus with specificity to the hapten, NP (10) . The mouse is heterozygous at the heavy chain locus with one allele containing a rearranged VDJ exon encoding a H-chain V region specific for NP and bears the 17.2.25 idiotype. The other heavy chain allele is inactivated by the deletion of all JH gene segments. In addition, this mouse strain has been backbred onto Jj knockout mice, thereby allowing only the production of NP-specific-bearing antibodies which require the participation of a lambda light chain (26) . Probably because of the monospecificity of the BCR of this mouse (QMk), a large proportion of the B cells tends to be pre-activated; therefore, in order to reduce the contribution of this population, we created radiation bone marrow chimeras using a 4:1 mixture of bone marrow cells from wild-type C57BL/6 and QMk mice as has been done previously (26) . These chimeras contained only low numbers of hapten-specific B cells, varying between 2 and 16% (Fig. 1A) . Nonetheless, the increased representation of antigenspecific B cells enhanced the possibility of detecting their differentiation. After removal of the IgG + cells, the resting B cells from these chimeras expressed very low levels of Ic2a transcripts and non-detectable levels of VDJCc2a mRNA. In an alternative strategy, we crossed QMk and BALB/c mice to obtain F1 offspring which expressed solely the heavy chain encoded by QMk because of allelic exclusion. Only a small population of B cells in the mouse expressed NP reactivity ( Fig. 1B ) because of the low frequency of association with the appropriate light chain (k). These two sources of antigen-specific B cells were used in our experiments and the results were similar. Figure 2A and B shows that upon activation with NP-Ficoll, or with NK cells, the low levels of Ic2a transcripts in non-stimulated cells were slightly enhanced. In addition, antigen also induced significant levels of AID mRNA. Despite this differentiative effect on B cells by specific antigen, the expression of post-switched VDJCc2a mRNA remained undetectable. Therefore, extensive cross-linking by NP-Ficoll is not sufficient for propagation of antigen-specific B cells that express switched mRNA. Significantly, however, upon addition of NK cells to cultures containing antigen, the expression level of VDJCc2a mRNA was found to be comparable to that induced by LPS plus IFN-c (Fig. 2B) . As a source of NK cells, we used IL-2-propagated NK cells from IFN-c KO mice because addition of antigen and IFN-c can induce low levels of VDJCc2a mRNA. To ascertain that the induction by NK cells is not due to non-BCR-mediated binding of ficoll to B cells, FL-Ficoll was added to cultures containing NK and B cells (Fig. 2C ). Although Ic2a transcription was induced due to the interaction of NK and B cells, VDJCc2a mRNA was detectable only in cultures containing NP-Ficoll. The addition of NP-BSA also failed to induce VDJCc2a mRNA. Therefore, both binding by specific antigen as well as extensive cross-linking of the BCR together with signals imparted by interaction with NK cells are required for the induction of detectable mRNA presumably from cells that have been induced to complete CSR.
T-bet mRNA expression is not sufficient for induction of c2a mRNA expression NK cells. The increased expression of T-bet mRNA in co-cultures could be derived from NK cells. Therefore, we further purified both B cells and NK cells by means of fluorescence-activated cell sorting. In addition, the two populations were isolated from each other after they had been co-cultured for 2 days. Subsequently, each population was assessed for the level of T-bet mRNA expression. As shown in Fig. 3 (A and B), low but detectable levels of the transcript can be detected by RT-PCR analysis in resting CD19 + , sorted B cells but much higher levels were found in sorted DX5 + NK cells. Interestingly, the abundance of the mRNA in B cells was much increased after co-culture with NK cells. In contrast, T-bet mRNA levels in NK cells were not altered by the interaction with B cells. It is interesting that whereas ligation by antigen or by anti-Ig did not induce higher levels of T-bet transcripts (Figs 2 and 3C and D), addition of IFN-c to anti-IgM-stimulated cultures upregulated the levels to the same extent as that in cultures containing LPS and IFN-c. The increase in T-bet under these conditions is likely due to stimulation by IFN-c (8) , but the increase also shows that the anti-IgM used does not exert negative regulation which might account for the lack of induction by anti-IgM alone. Importantly, however, VDJCc2a mRNA was only detected in cultures that contain LPS. Therefore, the induction of higher levels of T-bet mRNA in B cells is not sufficient for induction of c2a mRNA, although experiments in mice with a T-bet deficiency suggested that the expression is necessary for CSR in response to TI antigens (5, 27) .
Induction of B cell proliferation by NK cells
Induction of switch recombination to several isotypes has been reported to be linked to the extent of cell division (28) . Therefore, it is possible that the ability of NK cells to induce VDJCc2a mRNA expression in the presence of antigen is due to the initiation of extensive B cell proliferation. In order to determine if NK cells can induce proliferation of antigenspecific B cells, we co-cultured NK cells with B cells from BALB/CxQMk F1 mice for 2 days. B cells were labeled with CFDA so that dilution of the dye can be monitored as a measure of cell division. To assess cell division in antigenspecific cells, the harvested cells were additionally stained with bio NP-OVA. Figure 4 (B) shows the fluorescence intensity of NP-positive cells (R2, Fig. 4A ) in the lymphocyte gate of cells cultured under various conditions. Although the number of antigen-specific cells that could be analyzed was low, it is clear that addition of only NP-Ficoll could induce significant proliferation [35.5% of all cells contained within M1 through M3 gates (calculated as described in Wells et al. (25) ], whereas cultures stimulated with only NK cells did not proliferate much above background levels (25.7 versus 19.4%). Significantly, under conditions in which VDJCc2a mRNA expression can be detected, the percent of proliferating cells in cultures containing both antigen and NK cells did not exceed much above that induced by antigen alone (37.4%). Due to the low number of cells and difficulty in establishing background levels, we also assessed the effect of NK cells on proliferation of B cells from QMk mice expressing a higher frequency of antigen-specific B cells (80% of total B cells, Fig. 1A ). As seen in Fig. 4 (Cc), NP-Ficoll on its own similarly induced considerable proliferation (44% of total gated populations), whereas little or no proliferation was detectable in cells stimulated with either NP-BSA or FL-Ficoll (Fig. 4Ca) . NK cells also induced proliferation (27%) and addition of both agents produced at most an additive effect (65%). Having a greater number of antigen-specific B cells permitted a more accurate determination of the percent of cells that have undergone each division. Thus, with the addition of antigen alone, some 13% have divided two times (M3). Addition of NK cells induced a substantial portion (4.2%) to undergo as many cycles as that induced by antigen. The percent of cells undergoing two cycles was increased further from the combined effect of antigen added together with NK cells [20% (Fig. 4Ce)] . Significantly, however, the fraction of cells proceeding to cycle 3 (M4) was not enhanced and remained at <2% for both cultures; therefore, addition of NK cells did not increase the rate of cell division. No increase was found when NK cells were added to either B cells or antigenstimulated B cells just prior to sample collection ( Fig. 4Be and Cf), showing that the increase was not due to artifacts caused by inappropriate gating in the presence of NK cells. Thus, analysis of a greater number of cells in the QMk mouse did not yield results significantly different from that obtained from the F1 mice. These results allow us to conclude that despite the ability of either antigen or NK cells alone to induce similar numbers of cycles of cell division, stimulation by these agents on their own was not sufficient for the induction of VDJCc2a mRNA expression.
Interaction molecules required for induction of VDJCc2a mRNA by NK cells
We have previously shown that the induction of germ line transcripts for c2a (Ic2a) by NK cells requires the activation of CD48 on B cells by either CD2 or CD244 on NK cells (29) . Since ligation by cognate antigen already induces Ic2a transcription but does not result in detectable expression of VDJCc2a mRNA, we sought to determine whether the effect of NK induction can be simulated by addition of anti-CD48 to B cells stimulated by NP-Ficoll. Figure 5(A) shows that the combination of the two signals was still insufficient. On the other hand, when anti-CD48 was included in the cocultures of NK and B cells containing NP-Ficoll, the induction of VDJCc2a mRNA expression was significantly reduced (P < 0.04). The inhibition appears to be a specific effect of anti-CD48 since other hamster antibodies, including anti-CD28, CD40L and anti-TCRa/b, did not exert similar inhibitory activities (P < 0.39 to P < 0.46). Furthermore, in order to test if cell contact was necessary, the two cell types were separated by a Millipore membrane (Fig. 5B) . The separation clearly prevented the induction of VDJCc2a mRNA as well as T-bet mRNA (data not shown). In addition, to test if such a soluble factor was only produced by NK cells upon interaction with B cells, the two cell types were co-cultured in the upper compartment of a transwell. Figure 5(B) shows that although VDJCc2a mRNA expression was induced in the upper compartment, B cells containing only antigen in the lower compartment remained inert. Interestingly, however, inclusion of NK cells in the transwell resulted in the induction of Ic2a transcription when antigen was present. Thus, it appears that NK cells can also secrete a factor that can initiate germ line transcription when B cells have been stimulated by antigen. Importantly, Fig. 5(A) shows that this induction was not inhibited by anti-CD48 (P < 0.23), further indicating that the inhibitory effect of CD48 is not non-specific.
It is possible that stimulation by anti-CD48 requires immobilization of the agonist. Therefore, we cultured B cells on plates previously coated with the antibody. Thus, it appears that productive induction requires ligation of BCR together with counter receptors for CD48 expressed on NK cells in a form that cannot be mimicked by immobilization of the antibody.
Post-switched transcripts induced by NK cells can be correlated with Ig secretion
In order to determine if the detection of switched transcripts is correlated with protein expression, identical cultures, as described in Fig. 2 , were initiated except that the cells were allowed to incubate for 10 days before the culture supernatants were harvested for ELISA analysis on NP-BSA-coated plates. Figure 6 shows that whereas addition of antigen to B cell cultures increased antigen-specific IgM secretion, expression of downstream isotypes was not significant unless IFN-c was included in the cultures. Even then the levels were relatively low. Therefore, in these in vitro cultures, in which influences from other cell types are removed, addition of IFN-c to BCR-stimulated cultures provided only a suboptimal stimulus for induction of IgG2a. Clearly, however, addition of NK cells, in the absence of IFN-c, to antigenstimulated cultures significantly increased the level of IgG2a as well as, surprisingly, the level of IgG1 secreted. Therefore, NK cells can function in lieu of IFN-c or IL-4 in the induction of switched isotype expression. Anti-NP-specific IgG2c antibodies (derived from transgene negative B cells) were not detectable, although significant levels of total IgG2c were induced by LPS plus IFN-c (data not shown). Furthermore, assessment of the same samples on FL-BSAcoated plates revealed no specific increase in Ig secretion (data not shown). Therefore, the Ig produced as a result of stimulation by NK plus NP-Ficoll is antigen specific. 
Role of NK cells in the induction of VDJCc1 mRNA expression
Since we have previously shown that co-culture of NK and B cells did not result in the induction of significant levels of germ line transcripts for c1, the accumulation of IgG1 in the cultures of QMk B cells was unexpected. To ascertain that the increase in IgG1 is due to induction of mRNA for c1, semi-quantitative RT-PCR was performed to assess the relative level of Ic1 transcripts and VDJCc1 mRNA. Figure 7 (A and B) shows that activation of purified B cells from QMk chimeras with only antigen or only NK cells did not induce expression of VDJCc1 mRNA, when cells were cultured with both reagents together this transcript can be detected (P < 0.008 for four independent experiments). As can be seen from the replicate experiments shown in Fig. 7(A) , the level of expression in comparison to that induced by LPS plus IL-4 is variable but is always significantly higher than that resulting from incubation with either stimulus alone.
Interestingly, whereas incubation with only NK cells did not induce Ic1 transcription, addition of antigen alone was sufficient for the induction of this germ line transcript. The induction of IgG1 has been shown to require Th-2 cytokines as evidenced by the levels of VDJCc1 mRNA obtained in cultures containing LPS and IL-4 but not in cultures containing LPS and IFN-c (data not shown). Since we routinely ascertained that NKT cells were not in the purified, IL-2-propagated NK cell preparations by staining with anti-CD3e (data not shown), the induction is unlikely to be mediated by IL-4 produced by NKT cells. It should also be noted that since we cannot detect VDJCc1 mRNA in cultures stimulated with antigen and IFN-c (data not shown), the accumulation of low levels of IgG1 in cultures containing antigen and IFN-c (Fig.  6 ) may be derived from the persistence of small numbers of post-switched B cells.
We have shown previously that NK cells do not produce IL-4, they can be induced to secrete IL-13 by B cells via interaction between CD48 on B cells and CD244 on NK cells (30) . To determine if the induction of VDJCc1 in these cultures can be mediated by secretion of IL-13 by NK cells, we prepared co-cultures of NK cells propagated from BALB/c mice with a targeted deletion of the IL-13 gene and compared the response to that induced by IFN-c KO NK cells. (31), is also not sufficient for induction of VDJCc1. Moreover, addition of anti-CD48 to the cultures also inhibited VDJCc1 induction (Fig. 7C) , although Ic1 expression was not affected. Therefore, anti-CD48 did not affect the ability of B cells to respond to antigen but inhibited the interaction with NK cells. Thus, the mechanism of induction of germ line transcripts for Ic1 versus Ic2a differs significantly. Whereas NK cells alone can induce Ic2a transcription, the opposite is true of Ic1, in that antigen, but not NK cells, can induce this first step required for switch recombination.
Detection of transcripts directed by looped-out circular DNA
Despite the detection of transcripts that must be derived from productive switch recombination to either c2a or c1, the effect of NK cells on cells that have been stimulated by antigen cannot be directly attributed to the induction of active switch recombination. In an effort to detect such events, we attempted to detect transcripts (CT) directed by loopedout circular DNA (24, 32) by RT-PCR. Figure 8 shows that upon stimulation of B cells from BALB/cxQMk F1 mice with LPS and IL-4, CTs of the appropriate size (408 bp) can clearly be detected. Stimulation of the same cells with cognate antigen plus IL-4 can also result in detectable CTs. Significantly a low signal can be detected upon stimulation with antigen together with NK cells, whereas stimulation by either reagent alone was not effective. The presence of CTs correlated with the detection of VDJCc1 transcripts in the same cultures. The same primers utilized by Kinoshita et al. were also used in attempts to detect CTs directed by circular DNA upon switching to c2a. However, although transcripts of the appropriate size were detected in cultures of LPS and IFN-c in two out of five experiments (data not shown), such transcripts could not be detected in cells stimulated with antigen and NK cells. We therefore conclude that such switch recombination induced by NK cells is relatively infrequent and can only be detected after accumulation of sufficient post-switch transcripts.
Discussion
The productive interaction between NK cells and B lymphocytes illustrates the intimate relationship between components of the innate immune system with that of adaptive immunity. We have previously shown that activated B cells can stimulate NK cell cytokine secretion which can in turn affect both B cell proliferation as well as isotype differentiation upon stimulation by polyclonal activators (33) . In addition, activated NK cells can induce differentiation of resting B cells (9) . Herein we show that, in the presence of antigen, the limited B cell differentiation induced by NK cells can be carried out to completion as evidenced by the detection of antigen-specific IgG2a as well as IgG1 (Fig. 6) . Using B cells from mice with an increased representation of antigenspecific B cells, we show that cross-linking of the antigen receptor can induce the initiation of germ line transcripts for c1 but not for c2a and virtually no productively switched transcripts (VDJCc1 or VDJCc2a). In contrast, direct interaction of B cells with NK cells in the absence of antigen can induce the initiation of germ line transcripts for c2a but not c1. Thus, in either case, the activation of the respective loci is not sufficient for further differentiation that can result in expression of VDJCc2a or VDJCc1 mRNA that can be translated. Strikingly, this final differentiative event is only apparent upon direct interaction with NK cells together with ligation by antigen. For the formal demonstration that the expression of mature mRNA is due to the ability of NK cells to induce actual DNA switch recombination, it is necessary to show that NK cells can induce looped-out circular DNAs. Although we could detect transcripts derived from such circular DNAs that is indicative of switching to Cc1, the level is much lower than that which can be detected by cytokine stimulation (Fig. 8) . This finding together with our inability to detect CTs indicative of active switching to Cc2a indicate that the detection of VDJCc2a and VDJCc1 mRNA is due to their accumulation in a relatively low percentage of responding cells. Nonetheless, the increased expression of these postswitched transcripts that occurs only in the presence of NK cells clearly indicates a role for these cells in augmenting further B cell differentiation.
The requirement for antigen specificity is reflected in the inability of FL-Ficoll to induce proliferation or detectable post-switched transcripts. Interestingly, despite the ability of NP-BSA to bind to antigen-specific B cells, the antigen also cannot induce mature mRNA expression; therefore, extensive cross-linking of the BCR is required. Because addition of IFN-c can induce limited CSR and cultured NK cells produce variable amounts of IFN-c, we utilized NK cells from IFN-c KO mice to examine the effect of NK cells independent of IFN-c. We have shown previously that the induction of B cell Ic2a transcription requires the interaction with CD48 on B cells by either CD2 or CD244 on NK cells. We show here that the further differentiation to VDJCc2a as well as VDJCc1 mRNA expression also requires activation via CD48 (Figs 5 and 7 ) and the agonists for this second step are likely to be the same. Additional receptors may also be involved because stimulation of B cells with anti-CD48, either in soluble or immobilized form, in conjunction with antigen was not sufficient. The identity of the co-stimulatory ligands for these receptors continues to be under investigation.
A number of differentiative events have been shown to be required prior to CSR by B cells. First, the specific locus has to be activated, presumably by germ line transcription specific for each isotype and providing a substrate for AID activity. For induction of CSR to c2a by TI antigens, T-bet mRNA expression is also required (5) . In addition, the extent of switching is dependent on division cycles (28) . Furthermore, the expression of AID has been correlated with the increase in division cycles (34) , thus providing a possible molecular mechanism for the relationship between cell division and CSR. The determination of proliferation both in cells from the BALB/cxQMk F1 and from the QMk parental mouse indicates that antigen on its own can induce at least two division cycles during the time span of the experiment. The ease by which antigen can induce proliferation of even high-density B cells from QMk mice suggests that these cells are partially activated. The B cells in the QMk>B6 chimeric mice appear to be not as easily triggered; nonetheless, in neither case can we detect evidence for CSR despite the induction of extensive proliferation by antigen on its own. Similarly, even though upon stimulation by NK cells alone some cells can undergo as many as two division cycles, evidence for CSR was also not detectable. Addition of NK cells to the cultures increased the percent of cells that have undergone two cycles but did not significantly increase further division cycles. Thus, there are at least two possibilities for the mechanism of NK induction of mature mRNA expression. First, the additive effect of the combination of two signals which results in a higher number of cells that are able to divide at least two times may be the critical factor for the detection of the mature transcripts under these conditions. On the other hand, Hasbold et al. (35) have suggested that the increase in frequency of CSR depends more on division cycles than in the duration of each cycle, which would increase the fraction of cells in each cycle; therefore, since addition of NK cells do not increase the rate of cell division resulting in more cells achieving more cycles of division even among optimally activated cells, this parameter alone may not be sufficient. The expression of AID mRNA did, however, increase dramatically in the antigen-stimulated cultures (Fig. 2 ) but this increase also did not result in detectable post-switched transcripts. Thus, we conclude that whereas CSR in response to BCR ligation requires upregulation of T-bet and AID mRNA as well as initiation of cell division, achievement of these conditions may be necessary but not sufficient. An additional signal may be required to commit cells to the final step. This signal can be derived either from cytokines or from stimulation via TLRs (8, (36) (37) (38) . Using this in vitro antigen-specific system, we have shown that direct cell-cell interaction with NK cells can substitute for this signal.
Since B cells can induce IL-13 secretion by NK cells, we surmised that the induction of VDJCc1 mRNA would involve this cytokine although a role for IL-13 in stimulation of CSR to c1 has not, to our knowledge, been previously documented. However, stimulation by NK cells from IL-13 ko mice showed that the induction can occur in the absence of IL-13. Although NK cells from these mice can secrete IFN-c, addition of anti-IFN-c did not reduce the level of VDJSc1 mRNA detected (data not shown). Furthermore, since the induction requires direct cell contact, it appears that insufficient IL-13 is made in the co-cultures to substitute for IL-4. Alternatively, IL-13 may be more effective for the induction of CSR to other isotypes such as IgE (39) . Secretion of other cytokines by NK cells may, however, further affect B cell differentiation since Ic2a transcription can be induced without cell contact when they have been triggered with antigen (Fig. 5) .
Finally, these experiments which are the first to utilize cognate antigen, rather than surrogates such as dextran antiIgD (40) , to examine B cell expression of downstream isotypes, add additional insight into the complex requirements for this differentiation step. Table 1 summarizes our experiments showing the requirements for induction of germ line versus productive transcripts. Clearly, stimulation of the BCR as well as signals from NK cells play important factors in the detection and, presumably, induction of mRNA which can be translated into IgG1 and IgG2a. Upon cross-linking of the BCR, B cells can undergo a number of processes including the initiation of proliferation, the secretion of IgM and the synthesis of germ line transcripts for c1, but interestingly, not for c2a. These events were not observed by cross-linking with anti-Ig alone or with antigens which do not cross-link extensively (Fig. 3) . Thus, requirements for germ line transcription differ for different isotypes as has already been shown by the response of cells to LPS and IFN-c versus LPS and IL-4. Induction of isotype switching to IgG1 also differs from IgG2a in that addition of IL-4 to antigen-stimulated cultures can induce as much VDJCc1 mRNA as that induced by LPS and IL-4 ( Fig. 7) . Interestingly, stimulation with antigen differs from previous results using dextran anti-IgD as a surrogate for a TI-II antigen in which case VDJCc1 was only induced upon further addition of IL-5 (40) . Therefore, CSR may also be influenced by the nature of the BCR cross-linking signal. In contrast to the relative ease of induction of CSR to c1, addition of IFN-c to antigen-stimulated cultures induces much lower levels of c2a mRNA (data not shown and see Fig. 7 ). Thus, the response of B cells to cross-linking of the BCR is clearly different from stimulation of B cells via polyclonal stimulators such as LPS or CpG DNA and may involve different intersecting intracellular mediators.
The in vivo correlation of our findings from in vitro studies documenting the effect of direct NK stimulation of B cells is difficult to assess directly. It should be noted, however, that despite the presence of NP-specific B cells, NK cells can only induce mRNA for downstream isotypes when the cells are stimulated with NP-Ficoll which results in extensive cross-linking of the BCR but not with NP-BSA. Therefore, it is likely that NK cells can only be effective for activation of B cells by T-independent antigens and cannot substitute for the ability of T cells which can activate CD40 to induce switch recombination in the germinal center. The localization of NK cells in the red pulp also provides better access of this cell type to marginal zone B cells where the responses to TI antigens preferentially occur. NK cells need to be activated, however, before they can be effective. This activation usually requires the mediation of cytokines. In this regard, it is worthwhile to consider the recent finding that B cell Ig responses to type A influenza virus, particularly IgG2a responses, can occur without T cell activation but is dependent on stimulation of accessory cells via TLRs (41) . Thus, the ability of activated NK cells to influence Ig expression by antigen-activated B cells may play an important role in this early response. Conversely, for other antigens, recent findings also suggest that antibody responses to TD and even TI antigens stimulated by various adjuvants may not require pathways stimulated via TLRs (42) . Therefore, it is possible that the alternative pathways suggested by these authors involve the direct activation of NK cells, which we have shown here to induce a number of differentiative responses in B cells.
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